Abstract: Microwave photonics (MWP) is an emerging filed in which photonic technologies are employed to enable and enhance functionalities in microwave systems which are usually very challenging to fulfill directly in the microwave domain. Various photonic devices have been used to achieve the functions. A fiber Bragg grating (FBG) is one of the key components in microwave photonics systems due to its unique features such as flexible spectral characteristics, low loss, light weight, compact footprint, and inherent compatibility with other fiber-optic devices. In this paper, we discuss the recent development in employing FBGs for various microwave photonics subsystems, with an emphasis on subsystems for microwave photonic signal processing and microwave arbitrary waveform generation. The limitations and potential solutions are also discussed. 1035-1037 (1993). 8. T. Erdogan, "Fiber grating spectra," J. Lightwave Technol. 15(8), 1277-1294 (1997). 9. R. Kashyap, Fiber Bragg Gratings (Academic Press, 1999). 10. C. R. Giles, "Lightwave applications of fiber Bragg gratings," J. Lightwave Technol. 15(8), 1391-1404 (1997). 11. Y. J. Rao, "In-fibre Bragg grating sensors," Meas. Sci. Technol. 8(4), 355-375 (1997). 12. R. A. Minasian, "Photonic signal processing of high-speed signals using fiber gratings," Opt. Fiber Technol. 25(11), 3219-3235 (2007). 19. W. Li, W. Zhang, and J. P. Yao, "A wideband 360° photonic-assisted microwave phase shifter using a polarization modulator and a polarization-maintaining fiber Bragg grating," Opt. Express 20(28), 29838-29843 (2012 Guided Wave Lett. 6(2), 103-105 (1996). 26. X. K. Yi and R. A. Minasian, "Noise mitigation in spectrum sliced microwave photonic signal processors," J.
Introduction
Microwave photonics is an area that studies the interaction between microwave and optical waves for the generation, distribution, control, processing and analysis of microwave signals by means of photonics [1] [2] [3] [4] [5] [6] . Various photonic components have been employed in microwave photonics systems, such as optical sources, optical amplifiers, dispersive elements, electro-optical modulators, optical filters, and photodetectors. Most of microwave photonics systems are designed to operate at the 1550 nm band, to take advantage of the lowcost photonic devices developed for fiber optic communications in this wavelength band. A fiber Bragg grating (FBG) is a fiber-optic device that is fabricated by modulating the refractive index of a fiber core via UV illumination [7] . Perturbation of refractive index inspires mode coupling between two counter-propagation modes in a fiber core. According to different types of mode coupling conditions, FBGs can be generally classified into two groups: 1) uniform FBGs, which support strong mode coupling within very narrow bandwidth due to the uniform grating period, and 2) chirped FBGs, where broadband mode coupling is enabled due to the varying grating period. A schematic diagram to show the structures of a uniform FBG and a chirped FBG is given in Fig. 1 . One important feature of a chirped FBG is that it can function as a compact dispersive element. An intuitive explanation of the dispersion of a chirped FBG is that different spectral components of an optical signal experience different time delays as the spectral components are reflected from different positions of the chirped FBG. FBGs have been extensively investigated since it was first discovered in 1978. Thanks to the important and unique features including flexible spectral characteristics [8] , all-fiber geometry, low insertion loss, compact size, and low cost, FBGs have been deeply investigated for wide-spread applications [9] , such as in fiber-optic communications [10] , optical sensors [11] , and photonic signal processing [12] .
FBGs have also been widely employed in microwave photonics subsystems [13, 14] , such as photonic true time delay beamformers for phased array antennas [15] , microwave photonic delay-line filters [16] , radio over fiber systems [17] , ultra-wideband (UWB) signal generators [18] , photonic microwave phase shifters [19] , high frequency microwave signal generators [20] , photonic instantaneous microwave frequency identifiers [21], opto-electronic oscillators (OEO) [22] and microwave photonic arbitrary waveform generators [23] . In general, an FBG can serve in a microwave photonics system as a dispersive delay-line element, a narrowband optical band-pass or band-stop filter, or a broadband complex optical spectrum shaper. In this paper, we discuss the recent development in employing FBGs for various microwave photonics subsystems, with an emphasis on subsystems for microwave photonic signal processing and microwave arbitrary waveform generation. The limitations and potential solutions are also discussed. Microwave photonics provides a promising solution for the processing of high-frequency and broadband microwave signals, as it overcomes the bottle neck due to the limited sampling speed of digital electronics. Other advantages of processing microwave signals in the optical domain include large tunability and reconfigurability. In addition, a photonics-based signal processor has the immunity to electromagnetic interference (EMI). A microwave photonic filter [24] , one of the most important microwave photonics subsystems for the processing of radio frequency (RF), microwave and millimeter-wave signals in the optical domain, can usually be implemented based on two techniques: the one based on a delay-line structure with a finite impulse response (FIR) and the one based on optical spectral response to microwave spectral response conversion. For both techniques, FBGs are playing an important role. In the following, microwave photonic filters implemented based on the two techniques are discussed in details.
FBGs for microwave photonic signal processing

Microwave photonic delay-line filter
A microwave photonic delay-line filter usually consists of an optical source, a modulator to perform electrical-to-optical conversion, a tapped delay-line module to introduce time delays, and a photodetector to perform optical-to-electrical conversion. The schematic diagram of a microwave photonic delay-line filter is shown in Fig. 2(a) . Ignoring the nonlinear effects in the system, a microwave photonic delay-filter can be modeled as a linear time-invariant (LTI) system The key device in a microwave photonic delay-line filter is the tapped optical delay-line module, which can be implemented using FBGs. Figure 2 (b) shows a microwave photonic delay-line filter using an incoherent broadband optical source and an array of uniform FBGs [25] . The time delay difference is determined by the physical separation of adjacent FBGs, and the tap coefficients are equal to the reflectivities of the uniform FBGs, k R . Note that in such a system, optical carriers (taps) are produced by slicing the spectrum of the incoherent broadband source using an array of FBGs. This spectrum-slicing method simplifies the implementation since it eliminates the need for a costly multi-wavelength laser source. However, the noise performance of a microwave photonic delay-line filter using a sliced light source is degraded due to the high noise level of an incoherent broadband source, such as an amplified spontaneous emission (ASE) light source or a light-emitting diode (LED) source. A comprehensive study of the filter transfer function of a spectrum-sliced microwave photonic delay-line filter and its noise characteristics can be found in [26] .
To eliminate optical interference, microwave photonic delay-line filters are usually implemented in the incoherent regime. The incoherent nature results in a key limitation of this configuration: the tap coefficients are all positive. Based on signal processing theory, an FIR filter with all positive coefficients can only operate as a low-pass filter with a linear phase response. On the other hand, a microwave photonic delay-line filter with negative coefficients to achieve a bandpass response is desired for many applications. Numerous FBG-based techniques have been proposed to design and implement a microwave photonic delay-line filter with negative or even complex tap coefficients, to implement a filter with a bandpass response [27] . In addition, the phase response can also be controlled to be either linear or nonlinear. For example, an N-tap microwave photonic delay-line filter with negative coefficients can be implemented using an optical phase modulator and N chirped FBGs. The negative coefficients are achieved based on phase-modulation to intensity-modulation (PM-IM) conversion in the N dispersive elements, such as linearly chirped FBGs (LCFBGs), with opposite dispersion. The fundamental concept of achieving microwave phase inversion is illustrated in Fig. 3(a) . Under small signal modulation condition, a phase-modulated optical signal has a spectrum consisting of an optical carrier and two first-order sidebands, with the two sidebands exactly out of phase. No microwave signal can be detected except a DC if the phase-modulated signal is fed directly to a photodetector. On the other hand, if the phasemodulated signal is sent to a dispersive element, the chromatic dispersion will change the original phase relationship between the two sidebands and the optical carrier, which would lead to the conversion of a phase-modulated signal to an intensity-modulated signal. Through the same process, a dispersive element with opposite dispersion will convert the phasemodulated signal to an intensity-modulated, but with π phase inversion. Therefore, the use of such a technique can generate both positive and negative coefficients depending on the dispersion that is positive or negative. Note that an added advantage of using an optical phase modulator is that a phase modulator is not biased, which eliminates the bias drifting problem existing in a Mach-Zehnder modulator (MZM) based system. Note that for an N-tap filter, N laser sources or a laser array with N wavelengths would be required, which makes the system complicated and costly. In [29], a solution was proposed to reduce the number of wavelengths by using one wavelength to implement two taps, thus the total number of wavelengths is reduced by half. Another solution to reduce the system complexity and cost is to replace the multi-wavelength laser source by a spectrum-sliced optical source. In [30] , thermally controlled LCFBGs are used as optical slicing filters. Multiple narrow transmission windows within the stop band of the LCFBGs are created by thermal-heating-induced phase shifts. Both positive and negative filter taps are generated by the use of a dual-input electro-optic modulator which produces π phase difference between the two modulations along the two arms of the modulator.
In a microwave photonic delay-line filter based on PM-IM conversion, to ensure exact π phase inversion between two taps, the two LCFBGs in which PM-IM conversion is performed have to have exactly opposite chirps, which makes the fabrication process more challenging. Considering that a superstructured FBG has two ± 1 order reflection bands with intrinsically opposite chirps, PM-IM conversion with exact π inversion can be implemented using a single superstructured FBG [31] .
Note that instead of using dispersive elements, PM-IM conversion can also be realized using an optical frequency discriminator. For example, PM-IM conversion has been realized by placing the optical carrier at the linear slope of the spectral response of a uniform FBG [32] .
For many applications, a microwave photonic delay-line filter with an arbitrary magnitude and phase response is often desired, which usually requires the filter to have complex coefficients. A few techniques have been proposed and demonstrated to implement a photonic microwave delay-line filter with complex coefficients [33, 34] , but the filter usually has a very complicated structure, which is hard to implement especially for a filter with a large number of taps. To simplify the implementation, a new concept based on nonuniform sampling has been proposed [35, 36] . In the design, a microwave photonic delay-line filter with complex coefficients is realized via nonuniform sampling, by introducing an additional time delay to a particular tap, corresponding to an additional phase shift, thus an equivalent complex coefficient is generated. Assume that the uniform time delay is T , and an additional time delay k τ Δ is introduced to the kth tap, the frequency response of the nonuniformlyspaced microwave photonic delay-line filter at around the mth channel is then given by
As can be seen from Eq. (2) Figure 4(a) shows a nonuniformly-spaced photonic microwave delay-line filter, which is implemented using a multi-wavelength laser source with nonuniformly spaced wavelengths [35] . The time delays of the taps are generated due to the chromatic dispersion in a dispersive element, which converts the nonuniformly-spaced wavelengths to nonuniformly spaced time delays. Since the actual tap coefficients are all positive, a simple implementation is achieved. The major limitation of the scheme in Fig. 4(a) is that the wavelengths must be precisely controlled, which may increase the system complexity and cost, especially for a filter in which a large number of taps are required. A simple solution is to replace the multiwavelength laser source by a spectrum-sliced optical source. For example, we have demonstrated a nonuniformly spaced microwave photonic delay-line filter using a broadband optical source in which the spectrum slicing was performed using a spatially discrete chirped fiber Bragg grating (SD-CFBG) [37] . The SD-CFBG was fabricated using a regular linearly chirped phase mask by introducing axial spatial separation amongst multiple sub-gratings during the inscription process. In addition to the spectrum slicing function, the SD-CFBG also performs two other functions: to generate nonuniform time delays for the filter taps, and to tailor the coefficients of the taps. Figure 4(b) shows a microwave photonic delay-line filter based on an SD-CFBG. This technique offers a cost-effective and easy-to-implementation solution for nonuniformly-spaced microwave photonic delay-line filters with arbitrary frequency responses.
Optical spectral response to microwave spectral response conversion
A microwave photonic delay-line filter has a multi-tap structure with a finite impulse response. The total number of taps determines the filter frequency resolution. To achieve a high frequency resolution, a large number of taps (optical wavelengths) are needed. In addition, a finite impulse response filter has always a periodic spectral response. For many applications, however, we expect the filter has a single pass or stop band, which can be realized based on a different concept: optical filter response to microwave filter response conversion [38] . 
By applying the optical signal to a photodetector, a microwave signal is generated. By comparing the generated microwave signal and the input microwave tone, the frequency response of the microwave photonic filter is obtained, given by
As can be seen in Eq. (5), the optical filter response is directly translated to the frequency response of the microwave photonic filter based on single-sideband modulation and heterodyne detection at a high-speed photodetector. A microwave photonic filter having a quadratic phase response (linear group delay response) was developed based on this concept, in which the linear group delay response of the optical filter (a uniform FBG) is translated to the frequency response of the microwave filter [38] . A microwave photonic filter with a quadratic phase response can be used for chirped microwave pulse generation [39] and pulse compression [38] . This concept has also been employed to implement a microwave phase shifter [40] . An ideal microwave phase shifter is a special microwave filter with a unity magnitude response and a linear or nonlinear phase response. The optical filter response to microwave filter response conversion can be performed using a tilted fiber Bragg grating (TFBG) [40] . It is different from a regular FBG, where the variation of the refractive index is along the axis of the fiber core, a TFBG is made from the modulation of the refractive index which has a tilted angle to the axis of the optical fiber core. The tilt angle activates the mode coupling between the contra-propagating core mode and the cladding modes. Thus, the transmission spectrum of a TFBG contains a group of cladding-mode resonances with different depths. Based on the Kramers-Kronig relations, a change in amplitude leads to a change in phase. Therefore, a TFBG can act as an optical phase shifter to introduce a phase shift to a microwave signal. This is done by modulating the microwave signal on an optical carrier at a single-sideband modulator. By placing the carrier and the sideband at the notch of one resonance and the transmission band, respectively, a phase shift can be introduced between them. The detection of the optical signal at the output of the TFBG would generate a microwave signal with the phase shift translated directly to the microwave signal. The tuning of the phase shift can be performed by optically pumping the TFBG that is written in an Er/Yb co-doped fiber [41] . Due to the strong optical absorption in the Er/Yb co-doped fiber, the refractive index is changed when the fiber is optically pumped, thus the resonance wavelength is shifted, leading to the change of the phase shift. Since a TFBG has multiple resonances, and the phase shifts due to the multiple resonances follow a linear relationship, thus a TFBG can be employed to implement a tunable multi-tap microwave photonic delay-line filter with complex coefficients [42] . The frequency response can be continuously tunable by optically pumping the TFBG.
The two filters in [38,41] were implemented based on optical filter response to microwave filter response conversion, in which single-sideband modulation is employed. The implementation of optical single-sideband modulation is challenging, especially for a microwave signal with a large frequency tunable range. Optical filter response to microwave filter response conversion can also be implemented using an optical phase modulator and a narrow band optical notch filter, such as a phase-shifted FBG [43] . Figure 6(a) shows the schematic of such a filter. It is known that for a uniform FBG, if a phase shift is introduced to the grating, an ultra-narrow notch with a fast phase variation in the reflection spectrum would be generated [9] . For a phase-modulated signal, due to the out-of-phase nature of the two ± 1st-order sidebands, the beating between the optical carrier and one sideband will completely cancel the beating between the optical carrier and another sideband. If one of the first-order sidebands of the phase-modulated optical signal falls in the notch, however, one beating signal is eliminated and a microwave signal will be generated. Thus, the response of the narrow-band optical notch filter is converted to the response of a narrow-band microwave bandpass filter. One important feature of this technique is that the central frequency of the bandpass filter can be continuously tunable by simply tuning the wavelength of the optical carrier. The tunable microwave photonic bandpass filter has been employed to implement an optically tunable frequency-multiplying optoelectronic oscillator [22] . 
Advanced microwave photonic signal processing
Since an FBG can be designed to have an arbitrary spectral response in both magnitude and phase, FBGs can also be employed for advanced microwave photonic signal processing, such as short-time Fourier transformation, Hilbert transformation, temporal differentiation and temporal integration. For example, a short time Fourier transformer (STFT) was demonstrated using an array of LCFBGs [44] . An STFT has been used as a powerful tool for the timefrequency domain characterization of a microwave signal. In the demonstration [44], each individual LCFBG in the array applies a window function to the temporal signal and performs the real-time Fourier transform. The signal at the output of the STFT is captured in the time domain by a photodetector and a high-speed digitizer. In a second example, an optical Hilbert transformer (OHT) was implemented by using a uniform FBG [45] . An OHT is an optical filter that shifts the phase of the negative frequency components by + π/2 and the phase of the positive frequency components by -π/2. A uniform FBG can be designed to perform the function. In [45] , such an FBG was designed using the discrete layer-peeling (DLP) algorithm and fabricated via UV illumination using a frequency-doubled argon-ion laser operating at 244 nm and a uniform phase mask. If the phase shifts are a fractional number of + π/2 and -π/2, the OHT is then called a fractional OHT. A fractional OHT could also be implemented using a uniform FBG [46] . One important application of an OHT is that it can be used to achieve optical single-sideband modulation, an important technique to eliminate the dispersion-induced power fading effect in a radio-over-fiber link [45] .
An FBG can also be used to implement photonic temporal differentiation. A temporal differentiator is a basic operator which implements real-time differentiation of an optical or microwave signal in the optical domain. An N th -order temporal differentiator has a frequency response given by ( )
ω is the optical carrier frequency. Such a frequency response can be realized using an FBG [47] . An FBG-based temporal differentiator has the intrinsic advantages such as simple structure and good compatibility with other fiber-optic devices. To achieve ultrafast signal processing and characterization in a wavelength-divisionmultiplexed (WDM) network, an optical temporal differentiator that can perform temporal differentiation of WDM signals carried by multiple wavelengths is required, which can be realized using a sampled (or superstructured) FBG [48] . In addition, a continuously tunable photonic fractional temporal differentiator can be implemented using a TFBG. The order of the differentiator can be controlled by either changing the polarization state of the input light wave [49] or by optically pumping the TFBG [50] . Other advanced photonic signal processing functions that can be implemented using an FBG include photonic temporal integration. For example, an apodized uniform FBG can be employed to implement a highorder temporal integrator [51] .
FBGs for microwave arbitrary waveform generation
Microwave arbitrary waveforms are widely used in radar, wireless communications, medical imaging, and modern instrumentation systems. Thanks to the advantages such as high speed and broad bandwidth provided by optics, various photonically assisted techniques have been developed to generate high-frequency and large-bandwidth microwave arbitrary waveforms which may not be able or are difficult to generate by digital electronics [23] . FBGs have been widely employed for photonic microwave arbitrary waveform generation, due to its flexible spectral characteristics. Here two major techniques to generate microwave arbitrary waveforms in the optical domain using FBGs are discussed, 1) optical spectral shaping and frequency-to-time mapping (OSS-FTM), and 2) temporal pulse shaping (TPS). 
Spectral shaping and frequency-to-time mapping
A microwave arbitrary waveform can be generated based on optical spectral shaping (OSS) of an ultrashort optical pulse and frequency-to-time mapping (FTM) in a dispersive element. Figure 7 (a) illustrates the principle of the frequency-to-time mapping process. The dispersive device can be a length of dispersive fiber or an LCFBG. If a transform-limited pulse ( ) g t with a temporal pulse width of 0 t Δ is sent to the dispersive device with a value of dispersion of 0 Φ  , the optical pulse is then stretched in time. If the temporal Fraunhofer condition
is satisfied, the optical field at the output of the dispersive device is given by
Therefore, the intensity of the output signal is approximately the Fourier transform of the input signal envelope, which indicates that the pulse spectrum is mapped into a temporal waveform in real time, with the mapping relation given by 0 t ω = Φ  . Therefore, the frequency-to-time mapping process is also known as real-time Fourier transformation [52] . Figure 7 (b) shows a microwave arbitrary waveform generation system based on OSS-FTM.
The system consists of a pulsed laser source, an optical spectral shaper and a dispersive element. The spectral shaper is used to shape the spectrum of the broadband optical pulse. After the frequency-to-time mapping process in the dispersive device, a microwave waveform having an envelope that is a scaled version of the shaped optical power spectrum is generated. The main effort in this approach is to design an optical spectral shaper that has a magnitude response corresponding to the shape of the microwave waveform to be generated. An optical spectral shaper can be implemented based on free-space optics, such as a spatial light modulator (SLM) based spectral shaper [53, 54] . The key advantage of using an SLM for spectral shaping is the real-time updatability of the SLM. The free-space optics based technique, however, has the difficulties of complicated alignment and high coupling loss. On the other hand, an optical spectral shaper can also be implemented using pure fiber-optic devices. Compared with a free-space optics based solution, a fiber-optics based approach has the advantages of lower loss, better stability, and lower cost. Since the spectral characteristics of an FBG can be controlled, it can be employed as an all-fiber optical spectral shaper. Various configurations employing an FBG-based optical spectral shaper have been investigated. For example, the joint use of two uniform FBGs with one in transmission and the other in reflection could form an optical spectral shaper with a spectral response corresponding to a UWB monocycle or doublet pulse. After linear frequency-to-time mapping, a temporal UWB monocyle or doublet pulse is generated [55] . The frequency-totime mapping is realized in a length of fiber, thus the optical fiber does not only serve as a dispersive element to accomplish the mapping process, but also distribute the UWB pulse to a remote site. UWB pulses can find wide applications in short-range high-data-rate wireless communications [56] .
An optical spectral shaper can be also designed to have a spectral response with a varying (chirped) free-spectral range (FSR) by using FBGs. If the spectrum of an ultrashort optical pulse is shaped by this spectral shaper, a chirped microwave waveform is generated after the linear frequency-to-time mapping. Chirped microwave pulses have been widely used in modern radar systems to increase the range resolution through pulse compression. An optical spectral shaper with a spectral response having a chirped FSR was implemented by superimposing two chirped FBGs with different chirp rates into a same fiber core with a small longitudinal offset [57] , as shown in Fig. 8(a) . In such a structure, distributed Fabry-Perot interference is realized in the fiber due to the broadband reflection between the two chirped FBGs. Since the two FBGs have different chirp rates, the resonance cavity length becomes a function of the optical wavelength. Therefore, the constructed optical spectral shaper has a spectral response with a chirped FSR. An additional advantage of the technique is that the system is more compact with better resistance to the environmental changes, as no interferometric structure is involved in the approach. The main limitation of the approach in [57] is that the spectral response of the optical spectral shaper is fixed once the FBGs are fabricated and is hard to tune. For many applications, however, chirped microwave waveforms with tunable chirp rate and central frequency are needed. In [58] , an optical spectral shaper having tunable spectral response was demonstrated based on a Sagnac-loop mirror structure incorporating a highly reflective LCFBG. Figure 8(b) shows the principle of the tunable optical spectral shaper. The Sagnac-loop mirror incorporating an LCFBG performs as a distributed Fabry-Perot cavity with a wavelength-dependent cavity length, resulting in a spectral response with a chirped FSR. Unlike the method in [57] in which two superimposed LCFBGs are required, the Sagnac-loop mirror only requires a single LCFBG. Therefore, both the fabrication challenge and system complexity are reduced. More importantly, the filter is reconfigurable, which is achieved by tuning the time delay line in the fiber loop. Both the central frequency and the sign of chirp of the generated chirped microwave waveforms can be tuned. To continuously tune the chirp rate of the generated microwave waveforms, an optically pumped LCFBG written in an Er/Yb co-doped fiber may be used [59] . Note that in the chirped microwave waveform generation systems [57] [58] [59] , an optical spectral shaper having a spectral response with a chirped FSR is always needed. However, an optical spectral shaper with a uniform FSR is usually much easier to achieve. A chirped microwave waveform can also be generated by using an optical spectral shaper having a uniform FSR. In such a system, the chirp to the microwave waveform is introduced by highorder chromatic dispersion in a dispersive element to implement nonlinear frequency-to-time mapping. In [60] , a nonlinearly chirped FBG (NL-CFBG) was developed as a high-order dispersive element to implement nonlinear frequency-to-time mapping for the generation of a chirped microwave waveform. The NL-CFBG was produced from a regular LCFBG based on strain-gradient beam tuning. The spectral profile of the generated chirped microwave waveforms can be continuously controlled by applying different strains.
In the systems discussed above, the FBG-based spectral shaper for spectrum shaping [55] [56] [57] [58] and the FBG-based dispersive element for frequency-to-time mapping [60] are two separate components. If a single optical device can perform both the spectral shaping and frequency-to-time mapping, the system can be simplified. In fact, the two functions can be performed using a specially designed LCFBG. First, the reflection response of the LCFBG can be arbitrarily designed by properly controlling the refractive index modulation profile during the fabrication process. Second, the inherent linear group delay response of an LCFBG can be used to perform linear frequency-to-time mapping. In [61] , a single LCFBG was employed to simultaneously perform the two functions for microwave arbitrary waveform generation. The schematic of the system is shown in Fig. 9(a) . This "two-in-one" design greatly simplifies the system structure. A simplified FBG design approach based on accurate space (grating structure) to frequency (grating reflection spectrum) mapping relation in a strongly chirped FBG was employed to synthesize the LCFBG [61] . One advantage of this design method is that amplitude-only refractive index modulation is required. Therefore, the designed LCFBG can be easily fabricated using a state-of-the-art FBG fabrication system.
The continuous linear group delay response in an LCFBG guarantees the linear frequencyto-time mapping. On the other hand, if discrete group delay jumps are introduced to an LCFBG during the fabrication process, discrete time shifts will be embedded into the mapped temporal waveform. This provides an additional flexibility for microwave arbitrary waveform generation. In [62] , a spatially-discrete chirped fiber Bragg grating (SD-CFBG) was designed and developed to achieve microwave arbitrary waveform generation. The SD-CFBG has a multichannel reflection response and a discrete group delay response with user-defined delay jumps between channels, as shown in Fig. 9(b) . The SD-CFBG serves as a multifunctional device for simultaneous spectral shaping, frequency-to-time mapping, and temporal shifting of the input optical pulse. Microwave waveforms with a large time-bandwidth product (TBWP), such as a frequency-chirped [62] or a phase-coded [63] waveform, have been generated based on OSS-FTM using an SD-CFBG. 
Temporal pulse shaping
Fourier-transform pulse shaping has been widely used for ultrashort optical pulse shaping [64] . Fourier-transform pulse shaping can be implemented using FBGs in either the frequency domain [65] or the time domain [66] . Here Fourier-transform temporal pulse shaping (TPS) using FBGs for photonic generation of microwave arbitrary waveforms is discussed.
A typical TPS system consists of a dispersive element for pulse stretching, an electrooptic modulator to modulate the stretched pulse, and a second dispersive element for recompression of the modulated pulse [66] . To achieve a complete pulse compression, the two dispersive elements should have exactly complementary dispersion. Figure 10(a) shows the schematic of a TPS system, where the modulator is an MZM. For a given input optical pulse ( ) s t and an input microwave modulation signal ( ) x t , if the temporal Fraunhofer
is satisfied, the optical field at the output of the TPS system is given by [67] ( )
where * denotes the convolution operation, and ( ) X ω is the Fourier transform of ( ) x t . As can be seen, the output optical filed is a convolution between the input ultrashort optical pulse and the Fourier transform of the modulation signal applied to the modulator. If the input light is an ultra-short optical pulse, it can be approximated as a unit impulse function. Then, the generated waveform is simply the Fourier transform of the modulation signal, a process called real-time Fourier transformation. Generation of an optical waveform based on Fourier transform optical pulse shaping using a TPS system has been experimentally investigated based on amplitude-only modulation [68] . The key advantage of the TPS technique is that an ultra-fast optical waveform can be generated using a relatively slow microwave drive signal. The TPS technique can be extended to generate high-frequency microwave waveforms. Recently, photonic generation of a microwave waveform with a continuously tunable carrier frequency based on frequency multiplication by use of an unbalanced TPS system was proposed [69] . The schematic of the system is shown in Fig. 10(b) . Two LCFBGs with positive and negative dispersion but non-identical in magnitude are used. Thus, the TPS system is unbalanced in pulse stretching and pulse compression. The entire system can be modeled as a conventional balanced TPS system with two complementary dispersive elements for real-time Fourier transformation of the microwave modulation signal, followed by a residual dispersive element with its dispersion being the offset of the dispersion of the two LCFBGs to achieve a second real-time Fourier transformation of the shaped optical pulse. The finally generated microwave waveform would be a scaled version of the input modulation signal, resulting in frequency multiplication. The frequency multiplication factor In [69] , the dispersive element (an LCFBG) was considered to have dispersion up to the second-order. Therefore, if the microwave modulation signal is sinusoidal, the generated high-frequency microwave waveform would also have a sinusoidal carrier due to the doublefold linear real-time Fourier transformation. If the second dispersive element has high-order dispersion, the generated microwave waveform will become frequency-chirped due to the high-order dispersion induced nonlinear real-time Fourier transform. In [70] , an NL-CFBG was employed as the second dispersive element in an unbalanced TPS to generate a highfrequency and frequency-chirped microwave waveform from a low-frequency sinusoidal microwave drive signal. Moreover, if the two LCFBGs are written in Er/Yb co-doped fibers, the dispersion of the FBGs can be continuously tuned through optical pumping. When the optically pumped LCFBGs are incorporated in the unbalanced TPS system, photonic generation of a frequency tunable microwave waveform can be achieved [71] .
Summary
FBGs and their applications for microwave photonic signal processing and photonic generation of microwave arbitrary waveforms have been discussed. In general, an FBG in a microwave photonic subsystem can serve as 1) a time-delay device; 2) a narrow-band optical filter; 3) a dispersive element; and 4) a broadband optical spectral shaper. The key advantages of using FBGs for microwave photonics applications include small size, low loss, low cost, and high compatibility with other well-developed fiber-optic devices.
Compared with microwave photonics systems based on free-space optics, FBG-based systems have the limitation of poor reconfigurability since the spectral response of an FBG can be hardly changed once fabricated. The techniques for FBG tuning are mainly based on mechanical [72] and thermal tuning [41] , at a very low tuning speed. An improved tuning speed can be achieved with the use of a piezoelectric device [73] or a divided thin-film heater [74] . Further improvement in tuning speed can be achieved by electrical [75] or magnetic [76] tuning.
While FBG devices are cheap, microwave photonics systems based on fiber-optic devices are still costly due to the use of discrete optical devices, such as high-speed electro-optical modulators and photodetectors. A solution to reduce the system cost, weight, footprint size and power consumption is to use photonic integrated circuits (PICs) [77] . Investigation of onchip microwave photonics subsystems using the PIC technique would be a future research direction in this field. Bragg gratings with the desired spectral characteristics can be incorporated in an on-chip microwave photonics system by writing waveguide Bragg gratings. Research attempts to develop waveguide Bragg gratings have been reported [78] [79] [80] . For instance, photonic time delay lines have been implemented using integrated Bragg gratings in silicon-on-insulator (SOI) rib waveguides, which can be tuned by either electrical [78] or thermal [79] tuning. Waveguide Bragg gratings have also been demonstrated for photonic signal processing, such as ultrafast all-optical temporal differentiation [80] .
